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THE OCCURRENCE OF DETONATION I N  A NONUNIFORMLY HEATED GAS 

Ya.  B. Zel'dovich, V. B. Librovich, 
G, M. Makhviladzg,' G. I. Sivashinskiy 

ABSTRACT: A theore t ica l  investigation of t he  propa- 
gation of a detonation wave is made. The problem of 
the  occurrence of detonation i n  a nonuniformly heated 
gas capable of a chemical react ion is solved numeri- 
cally.  
are developed. 

The three react ion flow conditions possible 
. I  

G a s  detonation waves usually are investigated i n  pipes, and t he  detona- 

t i o n  is i n i t i a t e d  by a shock wave, or 0y an accelerating flame. The i n i t i a l  

temperature of t h e  combustible mixture is close to ambient. The fact of t h e  

formation of a detonation wave i n  these  experiments can be readi ly  established 

by the  rapid change i n  pressure,  or temperature. A s  is known, t h e  rate a t  

which t h e  chemical change takes  place i n  t h e  detonation mode is accelerated 

many t i m e s .  

L76* 

The s i tua t ion  is d i f f e ren t  during t h e  operation of an in te rna l  combustion 

engine, when so-called 'hocking"  takes place, Because of the  preliminary 

compression of t h e  combustible gas, and its mixing with t h e  products of com- 

bustion'remaining from t h e  preceding cycle,  t he  temperature of t h e  gas in 

t h e  cyl inder  can become so high t h a t  conditions become favorable f o r  an 

explosive-Bike volumetric flow of t h e  chemical reaction. 

conditions, and t h e  conditions under which t h e  mixing occurs are ident ica l  

throughout t he  cyl inder  volume, the  chemical react ion causes a uniform rise 

i n  pressure, throughout the  volume, But i f  t h e  temperature of t h e  combustible 

mixture is d i f f e ren t  a t  d i f f e ren t  po in ts  i n  t h e  volumep t h e  react ion at  these 

points  w i l l  not be Pden-GicaP, and nonuniform expansion of the  gas w i l l  

r e su l t ,  

If temperature 

The consequence is possible fomat$on of shock md detonation waves. 
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As distinguished from classic investigations of detonations i n  pipes,  t h e  

recording of the  t r ans i t i on  from a condition i n  which the  explosive-like 

flow is uniform t o  one of a propagating detonation wave is a d i f f i c u l t  

experimental t ask ,  and requires  precise  measurements. 

This paper is devoted t o  a theore t ica l  investigation of t h i s  question. 

The problem of t h e  occurrence of detonation i n  a nonuniformly heated gas  

capable of a chemical react ion is solved numerically. It is shown tha t  

th ree  reaction flow conditions are possible. 

t i o n  specified at the i n i t i a l  moment i n  t i m e  is such t h a t  the  gas  is heated 

almost uniformPy,.,the reaction w i l l  take place i n  t h e  thermal explosion 

mode, When the  i n i t i a l  temperature p r o f i l e  is very steep, a shock wave 

occurs and breaks away from the  react ion wave, FinalPy, there  exists t h a t  

d i s t r ibu t ion  of temperature such t h a t  t he  forming shock wave is capable of 

causing a reaction, and a steady-state detonation mode occurso 

' If t h e  temperature d is t r ibu-  

l. Statement of t he  problem. L e t  there  09 given a temperature p r o f i l e  

for a gas capable of react ing and f i l l i n g  a half-space X >  0,  i n  t h e  form 

of t he  following l i nea r  function at t h e  i n i t i a l  moment i n  t i m e  

Moreover, gas pressure, P, and t h e  relative concentration of the  com- 

bust ible  comp0plent, a, are constants,  while t he  gas is at Pest, t h a t  Ps 
- -  - _  _ -  , .  . ,  I---- - -- -- 

Ql.2) 
' P (0, X) = Pa, ,?J (0, X) = 0, ' 63 (0, 'XI =-i - -1 

~ ____ - ---- . ---I - . . 
*ere Nt, X) is t he  gas velocity. 

In  order to s a t i s f y  the  condition T ( t ,  X) 2 8 (8 S t S "1, we w i l l  say 

t h a t  T(O,  X) = 8 when X >  To/%- 
of the  disturbances is of i n t e r e s t  (and t h i s  is su f f i c i en t ,  as we w i l l  see 

Prom what follows), t he  Patter requirement is not r e s t r i c t i v e  lbecause of the 

f in i t eness  of t h e  rate at which t h e  distmbarnces are propagated, 

If only t h e  i n i t i a l  stage of development 

The gas w i l l  be ass p e ~ f e c t g  t h a t  is; t h e  equation of state Pa in 
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Here R is t h e  gas  constant,  and V is t h e  spec i f ic  volume f o r  the  gas. 

From t h e  way i n  which t h e  problem is  s ta ted ,  w e  see t h a t  t he  specified 

or ig ina l  state is steady for a per fec t ,  non-reacting gas. Accordingly,, t h e  

gas w i l l  change its or ig ina l  state only because of t h e  i n i t i a t i n g  chemical 

reaction. G a s  motion within t h e  vessel  should occur. Since t h e  react ion w i l l  

develop with greater in tens i ty  at t h e  hot w a l l ,  t h e  gas w i l l  expand at  t h a t  

w a l l ,  and t h e  formation of a shock wave is possible. 

conditions,  t h i s  wave can become a detonation wave. 

L77 

Given predetermined 

There are various conditions possible  f o r  t h e  course of t h e  chemical 
. d  

react ion,  depending on t h e  or ig ina l ,  specif ied,  temperature gradient. 

In  the  case of l a rge  ic, t he  forming shock wave w i l l  be weak because t h e  

cha rac t e r i s t i c  t i m e  f o r  t h e  development of hhe chemical react ion increases 

sharply with dis tance from t h e  hot w a l l ,  and by t h e  t i m e  t he  react ion reaches 

t h a t  w a l l  t h e  shock wave has long s ince escaped from the  w a l l .  

In  t h e  case of a reduction i n  ic, t h e  induction t i m e  is reduced,, and t h e  

gas Payers fu r the r  away from the  hot w a l l  begin to play a r o l e  i n  the  forma- 

t i o n  of t h e  shock wave, The shock wave g e t s  stronger,  t h e  r e s u l t  sf: t h e  

energy release i n  these Payers. 

H at  which t K e  i n t ens i ty  of t h e  shock wave w i l l  be suf f ic ien t  t o  i n i t i a t e  

a react ion i n  t h e  gas, 

t i o n  mode, 

3Ee should be expected t h a t  t he re  are also 

In such case t h e  react ion w i l l  occur i n  t h e  detona- 

In t h e  case of small ic (almost uniform heating of t h e  gas) t h e  react ion 

w i l l  pun its course throughout t he  vessel  and no shocks w i l l  form. 

2, Equations and boundary conditions. The investigation of gas  motion 

w i l l  begin with one-dimensional equations of gas dynamics, with t h e  energy 

release re su l t i ng  from t h e  chemical react ion taken i n t o  consideration d r a  

react ion of t h e  first order with respect to a Hs taken for purposes of . 
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Here Q is the  energy release,,E is t h e  act ivat ion energy, k is a pre- 

exponential f ac to r ,  and y is t h e  adiabat ic  exponent. 

I t  w i l l  be convenient, for t he  subsequent investigation, t o  s h i f t  t o  

t h e  Lagrangian coordinate, x, and to 

following formulas 

Theequa t ions  of motion at  (2.1) w i l l  take t h e  form 

(2.2) 

t h e  region X 

problem, 

0,  t h e  statement of t h e  problem can be considered a Cauchy 

3. The electronic  computer computational scheme, The problem in t h e  

f i n a l  sect ion of t h e  If axis must be considered in order to carry out the 

numerical integratiom oi the sys'e ai Q. (2.3) with or ig ina l  conditPons 



of Eq. (2.4). L e t  us  introduce a w a l l  with X=.L. The boundary conditions 

( the condition f o r  t he  impenetrability of w a l l s )  can be wri t ten 
, 

._- - -- -- ____ - 
u (7, 0) = u (7, z(0)) = 0 (3.1) 

- _  . - - _ _  
The boundary condition at-a cold w a l l  here introduced and necessary 

-.- -_ &--->- 

,in order t o  l i m i t  the  region in- t he  equations are integrated,  has no 

effect on the  course of t he  reaction because we are interested i n  a period 

of t i m e  t h a t  is shorter  than the  pefiod of t i m e  over which the  forming shock 

wave reaches the  r igh t  boundary. 
0 

The formatioL of shocks should be expected i n  the  course of solving 

the  problem, so, following Neuman and Richtmayer C11, let  us introduce 

art if icial  viscosi ty  i n  order t o  replace the  shocks with a th in  t r ans i t i on  

layer  i n  which t h e  magnitudes w i l l  cRange rapidly,  but without a discontinuity. 

The introduction of ar t i f ic ia l  v iscos i ty  avoids t h e  complex computation f o r  . 
shocks using Hugoniot equations, Artificial v iscos i ty  w i l l  be Introduced 

through *he following formula - . _- . . - . _ _  . - . . __- 

- .-!. 

where Ax is a s tep  along the  space coordinate; v is t he  eoefficien% of 

ar t i f ic ia l  viscosity.  

And the first two expressions of Eq. (2.3) can 0e replacedl by t he  

The following e x p l i c i t  algorithm f o r  solving t h e  problem is not 

d i f f i c u l t  t o  obtain when t h e  lttripodft type difference scheme C2l is taken 
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at point Pn space j& is designated by Cp The t i m e  s t ep   AT)^ is selected 

on t h e  bas i s  of t he  Courant s t a b i l i t y  condition (it ensures t h a t  no increase 

w i l l  take place i n  the  t i n y  e r ro r s  t h a t  arise during t h e  computation) 

d e  

_--._-I - - --- 

The boundary and i n i t i a l  values of t he  magnitpdes can be compUted by 

using t h e  following schemes: 

a) boundary conditions 

6 

. .  



less parameters included i n  t h e  problem w e r e  selected f o r  t he  computation: 

v = 1.7, J = 350, cy = 5, B = 10, Y = 1.2, g ' O ) - =  55- 

Henceforth, t he  r e s u l t s  w i l l  be i l l u s t r a t e d  i n  physical var iables  f o r  

k = lolo sec-l, To = 2000OK (L = 10 cm'in t h i s  case). 

Moreover, we choose A I 0.66 1 
(H, = 7360 O/cm), A, = 0.02 (x2 = 2201, 

A3 = 0.0107 ()c = 1181, A4 = 0.01 ( u ~  = 3 
1101, A5 = 0.001 (H = 11)- 5 

Figure 1 shows the  i n i t i a l  tempera- 

ture d is t r ibu t ion  f o r  these u values 

i n  physical vmiables ,  

F i r s t  off, w e  w i l l  consider t he  

ease of l a rge  i n i t i a l  temperature Figure B 

gradients Xh, = S.66), 
t h e  magnitudes a, p9 8 and u with respect $0 the  coordinate. Cwrves 1, 2, 

3 ,  4, and 5 correspond t o  moments i n  t i m e  T = 0.41, 0.82, Pe22$ 2.44, 3.93* 

Figures 2 a, b, e and d show the  d is t r ibu t ion  of 

When 7 0.4l t h e  react ion wave and t h e  shock wave eoinc'ide (Figure 2 

a and b). A t  succeeding moments i n  t i m e  t h e  dis.tance between t h e  shock 

wave and t h e  reaction wave increases at an ever-increasing rate and t h e  

Figure 2b shows t h a t  t he  pressure behind t h e  shock wave f ron t  pulsates,  

a d  t h a t  the pu8sations with ~Pight amplitudte (rIppPes) can be separated 



from the  large-scale pulsations 

t h a t  are acoustic disturbances 

propagating behind the  shock wave 

front .  The s l i g h t  pressure osc i l -  

l a t i ons  i n  the  wave p r o f i l e  are t h e  

r e s u l t  of t he  propert ies  of t h e  

f ini te-difference scheme of Eq. (3.4). 
The magnitudes of these pulsations 

determine the  accuracy with which 

the  r e s u l t s  obtained can be trusted.  

M a x i m u m  i n t ens i ty  of t h e  shock wave 

is p/po 3 2.1. After t h e  shock 

wave breaks away from the  reaction 

wave the  shock wave is attenuated, 

with t h e  r e s u l t  #at t h e  rarefact ion -,I 
':; wave (troughs i n  the  wave p ro f i l e )  

I 

overtakes the  shock wave. 

Figure 2d The in i t iaL temperature d i s t r i -  
' 

bution is shown by t h e  dashed l i n e  i n  F i g w e  2c, 

increase i n  the' temperature w i l l  induce a reaction waveo 

by t he  shock wave is s l i g h t ,  

As w i l l  be seen, a basic 

Heating of t h e  gas  

The reactPom wave therefore  slows (Figure 2a). 
. -  . -  . . . . . . .  

If t h e  equations contained terms 

describing t h e  diffusion and thermal 

conductivity, what would be formed 

would be a normally propagating 

Figure 3 

gas velocity over time with respect t o  

flame. L e t  us point out t h a t  the  

veloci ty  of flame propagation, so 

t h e  absence gf these terns has no 

effect on t h e  formation and propaga- 

&ion of t h e  shock wavem 

Figwe  2dB shows t h e  change in 

t he  wall 8 

8 

1. . .  



shows the  d is t r ibu t ion  of t he  magnitudes a and p. C u r v e s  1, 2, 3 and 4 
-correspond t o  the  t i m e  values 7 = 7.44, 11.49, 16.65, 22.15. 

of t h e  react ion i n  the  detonation 

mode. H e r e  h = 0.0107. This is 

t h a t  critical gradient, AI*, at which 
3 

The difference between t h i s  case and the  preceding one is t h a t  t he  shock 

wave breaks away from t h e  reaction wave much l a t e r  i n  t i m e  and at greater 

. distances from the  hot w a l l  (when 7 = 7.44 and 5 = 23.0 they still coincide), 

because a l a rge  mass of reacting gas takes  par t  i n  t he  formation of t he  shock 

wave, 

greater  than i n  the  preceding case,  and is equal to 6.6. 
This is why t h e  m a x i m u m  in tens i ty  of t h e  shock wave is considerably 

Figures 4 a and b show the  course . -7 

I 
1 curves 1, 2, 3, 4, 5 and 6, obtained 

as a r e s u l t  of t he  solution, are 

, t i m e  values T = 5.73, 7.84, 91.53~ 
: 11.23, 12.96, l4.76, Wave yeloci ty  

i 

can be computed from Figure l p O  and 

I equals 15.07, 5.5& 5.80, 5.29, 4.88, 
Jd 

4.53 at the  above-indicated t i m e  

in te rva ls  ( the  magnitude of t h e  

I# 
- I -  

It/ W 

Figures 4 a and b 

veloci ty  has been reduced t o  t h e  speed of sound a t  300OK). 

On t h e  other hand, fr'm t h e  formula f o r  a heavy detonation c33 . .  ..- 

where D is t he  detonation wave veloci ty ,  we obtain ID = k095. 

As w i l l  be seen, at  t i m e  7 = 14.76, t he  detonation wave en ters  the  

Chapman-Jouguet mode. 

wave veloci ty  with respect t o  the  products of t h e  detonation, which l a t t e r  

!&is can be eonfArmed by computing the  detonation 

is equal t o  the  loca l  speed of sound, 

points  marked by t h e  a s t e r i sks  i n  F igwe  bo 
the velociey of t h e  reaction produces at t he  pa r t i cu la r  point?  e is t h e  speed 

of sound at this same point) equals O.97,, 1.06~ 0e9%'9 0.53 (in ascending 

The eomgutations w e r e  made at  the  

The magnitude (D=w)/c (w is 
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order of 5 ) .  
has not ye t  bebun. 

within the  l imi t s .o f  accuracy f o r  t h e  determination of wave velocity. 

The l a t t e r  magnitude equates t o  the  point where the  reaction 

The deviations f r o m  unity of the  magnitudes cited are 

The d ispar i ty  between the  wave ve loc i t i e s  computed as a r e s u l t  of t h e  

computation, and as a r e su l t  of 'using Eq.(4.1), can be explained, it would 

appear, by the  fact t h a t  t he  s t ruc tu re  of a detonation wave is nonstationary. 

This has been pointed out i n  C4-61, i n  which t h e  unstable nature of one- 

dimensional propagation of a detonation wave w a s  investigated. W e  too 

observed t h e  pressure pulsations a t  t h e  wave f ront  noted i n  C5961 ( the  

r e s u l t s  w i l l  not ,be included here) e W e  should point out t h a t  i n  C5,61, 
as distinguished from t h e  case under consideration, t he  veloci ty  of t h e  

detonation wave, and t h e  degree of supercompression, w e r e  f ixed by external 

conditions, t h a t  is, by pis ton movementc 

bL82 

It should a l so  be recalled t h a t  t h e  very consideration of a plane deto- 

nation wave is qu i t e  conditional because of its i n s t a b i l i t y  i n  t h e  face of 

' , spa t i a l  deformations. The detonation waves ,observed experimentally have a 

complex, three-dimensional, nons ta t ionaq  s t ruc tureo  Hence, the  computation 

made in t h e  foregoing can but i l l u s t r a t e  t h e  first stage i n  the  formation 

of a detonation wave t h a t  has not yet succedd i n  forming its spa t i a l  

s t ruc ture  

L e t  us m a k e  a comparison between 683 
the  r e s u l t s  obtained and the  propaga- 

t i on  of t h e  reaction i n  an incom- 

press ib le  gas. Set t ing the  deriva- 

t i v e  &/ax = o i n  B2.31, it is 

easy to obtain t h e  following relat ion-  

ship determining the  cpltunge i n  
concentration, a9 over time _ -  

, ..*. 
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Figure 6 

E q .  (4,~) me shown i n  Figure 5 9  where e w e s  P, 2, 3 and 4 correspond t o  

moments i n  t i m e  7 = 0.27, 0.42, 1.34, 6.75 (A3  = 0.0107) 

Figures 6 a, b and c enable us t o  follow the  formation of t h e  detona- 

t i on  wave (A4 = 0.01). 

i n  time 7 = 1.55, 3.10, 7.75, 10.75. The i n i t i a l  d i s t r ibu t ion  of a l l  magni- 

tudes is  q u i t e  f la t ,  but then, because of t h e  formation of the  wave, the  

gradient becomes increasingly steeper,  

i n  t he  preceding ease, 

The solutions f o r  1, 2, 3 and &'correspond to moments 

H e r e  t he  wave is formed later than 

If now there  is even greater reduction i n  t h e  slope of t h e  tempera- 

ture pro f i l e ,  beginning at A2* = 8.803, t h e  react ion takes  glace throughout 

t h e  vessel ;  t ha t  is we have a thermal explos~on mode. 

Let us point out t h a t  the values of t h e  criticall gradients AI* and 

A Q are functions of vessel length. 

is lees than t h e  distance, mer which t h e  Chapman-Jouguet m o d e  fs appivCeiQ at, 

Hn fact, if. %he length of t h e  vessel  
8 
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t he  mode i n  which the  react ion 

. _  - . ..- 
Figure 7 

. e  

are see equal t o  zeroo 

occurs can be c l a s s i f i ed  as a thermal explosion. 

Figure 7 shows the  solution of 

= 0.001, with curves 1 and 2 l5 
plot ted f o r  7 = 0.18 and 0.34,  Com- 

p l e t e  burn-out of t he  combustible 

component occurs a t  7 = 0.47. Pres- 

sure throughout t he  vessel  is raised 

almost uniformly at 2P . This is 

readi ly  obtainable from the  s y s t e m  

of Eq. (2.1) if the  x derivat ives  

0 

5 0  An explanation of t he  nature of knocking i n  internal  combustion 

engines,, The process involved i n  burning up the  fue l  mixture i n  internal  

combustion engines can be accompanied by m explosion, 

come t o  be called knocking, 

be explained from the  point of view of k ine t ic  concepts. 

t he  conclusions arrived at by t h e  various authors are extremely contradic- 

t o r y  and do not provide anywhere near the explanations t h a t  should be avail- 

able from accumulated experimental material. 

detailed discussions of exis t ing views on t h i s  question. 

point out reference C93, a recent paper. 

This phenomenon has 

Today it is accepted t h a t  t h i s  phenomenon can 

A t  t he  same t i m e ,  

Monographs C7,81 contain 

We should a l so  

The purely thermal explanation of t h i s  phenomenon suggested i n  our 
paper is based on the  poss ib i l i t y  of t h e  occurrence of a detonation wave as 

a r e su l t  of the  nonuniform heating of t h e  reaction-capable gas  mixture. 

"]he formation of the  detonation wave can explain t h e  reason why high thermal 

md mechanical overloading of t h e  engine can be observed during hocking ,  

For example, when A 
wave is equal t o -  6, 
of a detonation wave from a s o l i a  w a l l  [lol, t he  pressure beyond t h e  reflected 

wave 5s equal to - 15Po. 

= 8.01079 the  in tens i ty  of t h e  forming detonation 3 
I n  accordance with the  fonrnula f o r  t he  re f lec t ion  

The formation of detonation waves duPing,knocking w w e  observed h t he  

experiments, They are described in E8l- 
1 

t '  
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